Abstract-This paper focuses on the evaluation of operational conditions such as temperature, exposure time and flux on the polarization of a Schottky electron collection CdTe detector. A Schottky collection CdTe Medipix3RX hybrid pixel detector was developed as a part of the CALIPSO-HIZPAD2 EU project. The pixel matrix and 0.75 mm thick CdTe sensor bump-bonded to Medipix3RX readout chips enabled the study of the polarization effects. Single and quad module Medipix3RX chips were used which had and pixel matrices, respectively. This study reports the sensor-level and pixel-level polarization effects of the detector obtained from a laboratory X-ray source. We report that the sensor-level polarization is highly dependent on temperature, flux and exposure time. Furthermore, the study of pixel-level polarization effects led to identification of a new type of pixel behaviour that is characterised by three distinct phases and, thus, named "tri-phase" (3-P) pixels. The 3-P pixels were the dominant cause of degradation of the flat-field image uniformity under high flux operation. A new method of identifying the optimum operational conditions that utilises a criterion related to the 3-P pixels is proposed. A generated optimum operational conditions chart under the new method is reported. The criterion is used for bias voltage reset depolarization of the detector. The method successfully represented the dependency of polarization on temperature, flux and exposure time and was reproducible for multiple sensors. Operating the detector under the 3-P pixel criterion resulted in the total efficiency not falling below 95%.
I. INTRODUCTION
C ADMIUM TELLURIDE's (CdTe) attractive properties such as high resistivity at room temperature and large linear attenuation coefficient make it a prospective semiconductor for room-temperature X-and gamma-ray radiation detectors. Recent improvements in crystal growth techniques allows the manufacturing of large area homogeneous crystals with electrical properties suitable for applications such as medical imaging, material science, synchrotron, and astrophysical applications [1] , [2] . However, CdTe detectors, especially those with Schottky contacts, suffer from "polarization" effects that strongly affect the imaging performance of the detector, and in some cases cannot be suitably corrected by applying flat-field corrections [3] . Polarization causes a change in the detector's performance after biasing the sensor, and leads to a reduction in count rate over time and loss of charge collection efficiency. Polarization arises from trapping and de-trapping of ionized deep-level acceptors inside the crystal which affects the space-charge and electric field distribution [4] . The rate of polarization is influenced by operational conditions such as temperature, radiation flux, and duration of illumination [5] . Application of high bias voltages and operation at low temperatures can help to stabilize the detector's performance [4] . The most common method of depolarizing a detector is to reset the applied bias voltage which completely recovers the detector's performance [6] . However, to date no standardized procedure for depolarization has been established that identifies the optimum operational conditions the detector should be operated at in order to minimize the reset duration dead time in addition to minimizing the degradation of imaging quality. Hybrid small-pixel detectors can provide insight into the space-charge uniformity of the sensor. In hybrid detectors each pixel is individually connected to its electronic chain [7] . Previous studies of CdTe pixelated detectors have identified three types of pixel behaviour. Firstly, the majority of pixels follow the whole sensor's behaviour, i.e. exhibit a steady decrease of counts over time. Secondly, some pixels' counting performance remains stable. The third type of pixel behaviour shows a steady increase in counts over time. The increase in counts is usually observed in the pixels adjacent to a pixel without a contact, thus, the charge that would have been collected by a contactless pixel drifts to the adjacent ones [7] .
In this study we present the evaluation of polarization effects on several Schottky collection CdTe Medipix3RX pixelated detector systems, and the effect of operational conditions on the polarization. We report a new type of pixel behaviour that was used as a criterion for optimum bias voltage reset.
II. METHODS
CdTe Schottky collection sensors bump-bonded to Medipix3RX chips were used in this study in order to evaluate the polarization effects and determine the optimised operational conditions. CdTe sensors were manufactured by Acrorad [8] . assemblies had m m pixel pitch with a pixel matrix, with dimensions of mm mm mm. Quad assemblies had the same pixel pitch but pixel matrix, with dimensions of mm mm mm. The crystals were bump-bonded using InSn bump-bonds by Advacam [9] . The details on the Medipix3RX chip can be found in [10] . The MERLIN readout system, developed by the Diamond Light Source [11], was used for readout, control of bias voltage reset, and monitoring the temperature of the detector [12] . The results presented in this paper were obtained using the single pixel counting mode of the Medipix3RX chip.
All of the experiments were performed using a Molybdenum target laboratory X-ray tube with a maximum voltage of 50 kVp and a maximum current of 50 mA. A direct X-ray beam was used to uniformly illuminate the detector placed approximately 70 cm from the X-ray tube. The Medipix3RX chip was inside a 2 mm thick Al casing. The Al casing had a window which only revealed the CdTe crystal. The incoming 25 keV X-rays were 100% absorbed by the CdTe crystal [2] , thus protecting the metal bonding between the ASIC and the crystal. The chip itself had a m thick Al layer deposited on it. The circuitry in the periphery of the CdTe crystal is digital, i.e. any radiation damage on the circuitry would register as digital errors due to the fact that the impact of radiation would be seen as a change of the timing properties of the circuit. This is not the case for the results presented in this paper. The detectors were tested under several temperatures and radiation fluxes. The thermal stability of the detector was ensured using a water chiller and a copper plate at the back of the detector assembly. The temperatures for measurements ranged from to . The fluxes of the direct X-ray beam at the position of the detector ranged from 9 kcps per pixel to 300 kcps per pixel. The relationship between the current of the X-ray tube and the registered counts per pixel per second is displayed in Fig. 1 . The applied bias voltage was set to V for all measurements.
III. RESULTS AND DISCUSSION

A. Sensor-level Polarization Effects
Figs. 2 and 3 show the reduction of mean counts per frame over time with respect to temperature and flux respectively. Each point in these figures was obtained by summing the counts of each pixel of a sensor in a frame and normalizing to the first frame's count value. The detector was exposed to radiation for 90 minutes without a bias voltage reset applied. The acquisition time of each frame (i.e. frame rate) in Fig. 2 . was 300 ms. In Fig. 3 . the frame rate was 30 s, 300 ms and 100 ms for 100 cps, 9 kcps and 24 kcps per pixel, respectively. Observations from single and quad module detectors agree with previously published results, i.e. cooling the detector reduces the rate of efficiency degradation [4] . The degradation with higher temperature arises as the number of thermally generated charge carriers increases. Also, the results show that the polarization is highly dependent on flux and the duration of radiation illumination. The slopes of time dependencies of normalized number of counts in each sensor of a quad module detector slightly differ depending on the defects. No pixels were excluded in the analysis. Radiation flux increases the ionization rate of electron-hole pairs inside the semiconductor. This results in an increased number of free charge carriers which can be trapped by the defects and impurities causing polarization to occur sooner. The degradation of the sensor's performance arising from polarization is typically identified as a loss of counts, appearance of dislocation lines, and reduction in the total uniformity of response [4] . Fig. 4 . shows four flat-field images of a sensor obtained under different conditions. The detector was operated at temperature. The frame rate was 500 ms. Fig. 4(a) shows an initial frame of the illumination under 300 kcps per pixel flux. Fig. 4(b) displays the degradation of the sensor after a 10 minutes of 9 kcps radiation flux. Fig. 4 (c) displays the degradation of the sensor after a 90 minute illumination of 9 kcps flux of X-rays. Fig. 4(d) shows the degradation of the sensor after a 10 minute exposure of 300 kcps flux of X-rays. The difference in the total number of counts in the frame differs due to one (12 bit) or two (24 bit) counters being enabled during the acquisition. Fig. 4 shows that the dominating polarization effect of the sensor, i.e. having the greatest impact on the uniformity of sensor's response, differs with flux. As shown in Fig. 4(c) , the dominating defects under low flux and long exposure are loss of total counts and dislocation lines, and saturated pixels which appear in white. With the 12 bit counter, a saturated pixel recorded a maximum of 4095 counts per frame. Under the high flux operation, as shown in Fig. 4(d) , the dominating effect is the tri-phase (3-P) pixels which count zero. The 3-P pixel's behaviour is discussed in Section III-B. For comparison, Fig. 4(b) and Fig. 4(d) show the difference in degradation after 10 minute exposure but for 9 kcps and 300 kcps flux respectively. It is worth noting that depolarizing the detector using bias voltage reset restored the response of all the pixels to the original state as shown in Fig. 4(a) for all detectors including the 3-P pixels which is discussed later in Section III-C.
The uniformity of response was evaluated using flat-field coefficient histograms. The flat-field coefficient values are obtained by dividing each pixel's count value by the mean count value of the whole sensor. This resulted in a histogram of flat-field coefficients as shown in Fig. 5 . The flat-field coefficient values in Fig. 5(a) were obtained from the flat-field image of Fig. 4(a) , while the Fig. 5(b) histogram coefficient values were obtained from the flat-field of Fig. 4(d) . Due to the polarization effects, the total uniformity of the detector's response to radiation decreases over time as the width of the histogram increased. The skew of the distribution towards higher flat-field coefficient values in both histograms arises from the reduction of efficiency of the detector due to polarization. The reduction of the registered counts requires a flat-field coefficient value greater than 1 in order to correct the pixel's counts to the mean counts of the sensor. A Gaussian distribution of the flat-field coefficients is expected in the first frame as a Gaussian pixel-threshold calibration was performed on all the sensors around the noise edge. The skew in the Fig. 5(a) shows that the polarization effect is already observed in the first frame.
B. Pixel-level Polarization Effects
All three previously reported types of pixel behaviours (mentioned in Section I) were observed in our detectors. Furthermore, a fourth type of pixel behaviour was observed in our single and quad assemblies that dominated the degradation of the flat-field images under high flux which has not been reported before. The tri-phase pixel behaviour is shown in Fig. 6 . The first phase was identified as a steady increase of counts. In the second phase, there is a more rapid increase of counts up to a certain value of counts. The maximum number of counts slightly varied for every pixel as seen in Fig. 7 . During the third phase, the total number of counts decreased at different rates but always reached zero within 30 seconds, which left the pixel not counting until the bias voltage reset was applied. Fig. 7 shows the counts as a function of time for two example pixels in each quadrant of a quad module. The pixels were neither adjacent to each other nor near underperforming pixels. These pixels were identified as the zero counts pixels at the end of a 10 minute cycle as seen in Fig. 4(d) . The total number of this type of pixel increased over time and they all showed a similar behaviour to that shown in Fig. 7 . Furthermore, these pixels were consistently observed in each of the sensors tested in the first and third quad assemblies (i.e. 8 different sensors), and exhibited the same behaviour over multiple cycles as shown in Fig. 9 . The second and fourth quad assemblies were not tested as they were inoperable due to faults during the detector's assembly.
The physics behind the 3-P pixel's behaviour is not currently understood and has not yet been investigated in sufficient detail. From a preliminary evaluation of the performance of the 3-P Fig. 8 . Increase of the total number of 3-P pixels in the sensor over time. The criterion is met when the total number of 3-P pixels is above the baseline value. Fig. 9 . A single 3-P pixel's reproducible behaviour over nine 10 minute cycles. pixels and their neighbours it can be deduced that the underlying mechanisms are limited to the 3-P pixel as in most cases the nearby pixels are not affected. This suggests that the effect is near the surface of the crystal. If the origin was located deep in the crystal, diffusion of the generated charge would cause it to drift to the electrodes of multiple pixels.
C. Criterion for Bias Voltage Reset
There is not a standard criterion under which the bias voltage should be reset that specifies how often it may occur and for how long the "off-time" should last. The identification of pixels that behave as described in Section III-B provide a criterion for bias voltage reset, since the 3-P pixels dominated the sensor's degradation of uniformity under high flux. Fig. 8 . shows the increase of the total number of 3-P pixels as a function of time under different count rates. The detector was cooled to and the data was collected for 10 minutes with a 500 ms frame rate and no bias voltage reset applied. Three features can be observed in this figure. First, there is a baseline, i.e. the sensor has some pixels that constantly count zero. These are the inactive pixels due to either contact issues or being masked, i.e. the electronics behind it were deactivated. The total number of inactive pixels is different for each sensor. Secondly, there is a stable plateau where the total number of 3-P pixels does not change or fluctuate by . The plateau fundamentally corresponds to the duration the detector is stable with respect to 3-P pixels. The duration of the plateau region was dependent on flux and temperature. Thirdly, a steady increase of the total number of 3-P pixels. The rate of increase was dependent on both flux and temperature. These features suggest a criterion which quantifies the time at which the plateau region ends.
In order to determine the criterion for each sensor a different baseline definition is required. The baseline is determined by the total number of inactive pixels in the first frame and adding an offset of a standard deviation of the inactive pixels. The addition of this offset is required in order to ignore the minor fluctuations in the number of 3-P pixels as shown in the 40 kcps per pixel dataset in Fig. 8 . This way the criterion takes into account the whole sensor's behaviour. The criterion identifies the instance in time where the total number of 3-P pixels is higher than the defined baseline, i.e. the end of the stable plateau. The extracted time value was used as the bias voltage reset time. This process was repeated for each of the fluxes and the temperatures tested. The generated criteria produced an optimum operational conditions (OOC) chart as seen in Fig. 10 . The figure shows the time at which the bias voltage should be reset for different operating temperatures and incident average flux, and should be read as a chart. The X-axis denotes the time when the detector should be depolarized according to the criterion. The Y-axis displays the flux under which the detector was illuminated from the X-ray tube. The corresponding registered number of counts for each of the X-ray tube currents is shown in Fig. 1 . The criterion ensures that flat-field image quality is kept at the best (optimal) state as the moment in time when the 3-P pixels start appearing in the flat-field image, the detector is re-set. As the 3-P pixel behaviour cannot be compensated for by flat-field corrections, we consider the optimum condition to re-set the detector as soon as the 3-P pixels begin to increase in number, in order to minimise their effect on the corrected image quality. The OOC charts are reproducible for all sensors despite their different polarization responses.
An empirical approach to fit the data shown in Fig. 10 . with double exponential was chosen as a single exponential did not fit the data correctly. The double exponential could suggest that the polarization has a fast and a slow component. The extracted time decay constants were in the range of s and s for the first and second exponential respectively, within the limitations of the precision of the individual fits. It was not possible to identify any further systematic dependency on the operating conditions with confidence. As shown in Fig. 10 , the colder the detector the longer it can operate before the criterion is met, which agrees with previously published data [5] . In addition, the total efficiency of the detector did not degrade below 95% when applying the extracted depolarization time from the criterion.
D. Bias Voltage Reset Duration
A common way of depolarizing the detector is to reset the applied bias voltage on the detector. The applied bias voltage is ramped down from V to 0 V over a period of 5 s in all measurements. The longer the bias voltage remains switched off following the end of the ramping time the more trapped charge is released. This was observed by investigating the 3-P pixels' behaviour when the bias voltage was being reset. While the bias voltage was ramping down towards zero volts, the pixel was activated and counted more than the nearby pixels, which suggested that the trapped charge was being released.
We have investigated the effect of the duration of the bias voltage remaining switched off. Fig. 11 . shows the loss of the total number of counts for each of the sensors of the quad assembly with different durations of bias voltage being switched off.
The tested "off time" durations i.e. after the bias voltage reached 0 V, were 1, 10, 15 and 20 seconds. The detector was operated under 300 kcps per pixel flux and cooled to . The frame rate was 500 ms. Note the mean pixel value of the final frame of each cycle decreased when the bias reset time was too short. This effect is visible in the Fig. 11(a) and Fig. 11(b) plots. This arises from the sensor not fully depolarizing, hence, taking less time for polarization to build up. However, Fig. 11(c) and Fig. 11(d) show that the bias reset duration was long enough to keep the detector stable in between the cycles. The behaviour of the fourth quadrant followed the same trend as the other three but it has been excluded from the Fig. 11 . as it had noisy pixels which disrupted the plot. Additionally, a small overshoot is observed after the bias reset was applied. The overshoot is caused by the sensor needing some time to stabilise. The overshoot is of approximately 2% of the total number of counts and lasts less than three seconds. The horizontal line is set to one for a clear display of the overshoots.
The duration of the bias voltage to be switched off was dependent on the degradation of performance of the detector and the operational conditions. For low flux measurements it has been observed that a shorter "off time" was sufficient to completely depolarize the detector and keep it stable over multiple cycles.
IV. CONCLUSION
A Schottky collection CdTe sensor bump-bonded to a Medipix3RX chip was used to evaluate the effects of operational conditions onto polarization. The results showed that in single and quad assemblies the polarization is highly dependent on temperature, flux and radiation exposure time. These operational conditions must be taken into consideration when operating the system. Furthermore, an identification of a new type of pixel behaviour led to definition of 3-P pixels. The 3-P pixels cannot be easily corrected using flat-field correction as they exhibit non-linear behaviour over time. The underlying mechanism behind the 3-P pixels should be fully investigated in future.
The 3-P pixels were used as a criterion in order to determine the optimal time to apply high voltage reset for stabilising the detector's performance using an Optimal Operational Conditions (OOC) chart. The 3-P pixels were the dominant flat-field defect under high flux conditions. Under the proposed method the applied bias voltage is reset as soon as the 3-P pixels appear in the flat-field image. This eliminates any 3-P pixels and only linearly degrading pixels remain which can be easily corrected using flat-field corrections. When applying the optimal depolarization time the detector's efficiency did not reduce below 95%. The proposed method is performed on the whole sensor and was found to be reproducible for multiple sensors. The generated OOC chart would assist users of the detector in maintaining the best flat-field quality as it allows extracting the optimal depolarization time for a range of operational conditions.
